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EXPERIMENTAL INVESTIGATION OF CERMET TURBINE BLADES
IN AN AXTAL-FLOW TURBOJET ENGINE

By William C. Morgen and George C. Deutsch

SUMMARY

In 16 tests to evaluate cermet blades in an axisl-flow engine,
blade life of 150 hours at meximum turbine speed and exhaust temperature
was obtained. Chipping of the blades in the tip region was a common
characteristic in the tests. Only one test resulted in root failure.

Fourteen tests were made with six test blades in the bturbine rotor;
two tests were made with only two cermet blades in operation. Results
indicate two probdable csuses of fallure in cermet blades, impact and
fatigue. Use of fuel with low carbon-forming tendencles improved blade
life to some extent; another improvement was made by a change in test
blede installation that removed an undesirasble airflow condition that
mey have caused excessive vibration. It should be noted that this change
included a reduction in the number of blades under simultaneous tests
and thus decreased the probebility of lmpact. Other modifiecations such
as special surface finish, rounding of blade tips, increassed thickness
in trailing edges, and use of special nozzle guide vane assemblies made
only minor changes in blade life.

From the frequency of airfoil chipping it is apparent that mate-
rials of grester lmpact reesistance are required for successful cermet-
blade application.

INTRODUCTION

Present turbine blade materials cannot withstand the extremely high
operating temperatures desired for advanced aircraft engines. Among the
several possible ways to overcome this limitation, 1s the use of turbine
blades fabricated from cermets (compressed and sintered mixtures of
ceramic and metal powders). Titanium-carbide based cermets are of spe-
cigl interest. Cermeta of this type possess meny properties such as
thermal-shock resistance and stress-rupture and creep strength ddeguate
for the requirements of turbine blades operating at several hundred
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degrees over present temperatures (refs. 1 to 3). Another advantage in-
herent to cermet blaedes 1s thelr low percentage of strategic materisal.
However, prilor research showed that the low short-time ductility of cer-
mets creates problems in root-fastening design and that cermet turbine
blades frequently fail by impact.

An experimental program to evaluate problems in the operation of
cermet blades is being conducted at the Lewis laboratory. The results
of this program given in references £ to 6 describe the improvement in
1life that was obtained by improved blade root design. The present in-
vestigation was undertaeken to determine the endurance of K-152B cermet
turbine blades in an engine for which blade-root stresses were low. In
the engine selected for these tests, cermet blade-root stress attributed
to centrifugal force was 13,000 psi as compared with 18,000 psi en-
countered in the previous research with a different type of engine
(refs. 4 to 6).

During the course of this investigation, which included 16 endur-
ance tests of the K-152B blades, changes were made in experimental vari-
ables. In some tests more than one varisble was changed in an effort to
obtain as much operating life as possible for the materiel, rather than
to determine specific effects of individual changes.

The test conditions that were varied inecluded the following:

(1) Two different types of .test-blade installation were used. In
these the relative spacing between test blades and standard metal blades
was varied because it was suspected that this might be an important fac-
tor in vibratlon of the cermet blades. '

(2) Two different fuels were used in the test operation in order to
study the effect on impact damage that might result from different rates
of carbon deposition in the combustion chambers. Pleces of deposited
carbon breask gway from the combustion chamber walls and are carried

through the turbine.

(3) Three different nozzle guide vane sgsemblies were used to vary
the frequency of blade excitation from this source of vibration.

(4) Blede modifications were incorporated in some tests. These in-
cluded rounding of the alrfoll tips, increasing the thickness of the
trailing edge, and imparting special surface finish to the airrfoil.

The engine was operated at maximum conditions of turbine speed and
exhasust temperature.
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APPARATUS AND PROCEDURE
Blade Description

The cermet K-152B had the following nominal composition by weight:
62 percent titanium carbide; 8 percent solid solution of complex car-
bides (titanium, tantalum, and columbium cerbides) snd 30 percent
nickel. Bledes were made by the Kennametal Corporation from specifica-
tions supplied by the Lewls lsboratory. Examination of the Pfinished
blades included radiogrephy and surface inspection by the penetrant-oil
method.

The root of the cermet blade (fig. 1) was skewed 9° relative to the

o]
turbine axis, as compared with 2% used in the standard blades for this

turbine. This change was made to reduce bending stresses in the root
(ref. 5). The airfoil length was 0.030 inch shorter than standard for
most of the tests (3 to 16, inclusive}. This was done to eliminate pos-
sible rubbing between blade tips and turbine shroud, in the event of
shroud deformation.

In other respects, the cermet airfoil conformed to the design of
the standard metal blades for this engine, with the exception of two
modifications for several test operations. The trailing edges of the
test blades were increased in thickness from 0.030 to 0.060 inch in
tests 10 and 11. Another change in design consisted in providing 1/4-
inch radii at the leading and trailing edge of the blade tips (test 15).
Tests 12 and 13 combined these two modifications, together with a sur-
face treatment intended to reduce surface stress concentration. The
airfoils were polished with 45-micron diamond dust. The conditions of
rounded blade tips and surface treatment were combined in test 14. (A
summery of these modifications appears in table I, together with other
test conditions.)

Blade Installaetion

All test blades were installed in the turbine rotor with a nickel-
plated copper screen inserted between the cermet root and the matching
rotor recess. The malleable screen sllowed better distribution of cen-
trifugal load. Presence of the screen proved to be of value in previous
operation of cermet blades (refs. 4 to 6).

Turbine Rotors

Most of the tests were made with two turbine rotors modified to
accept cermet blaedes in two groups of three blades each, mounted
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diametrically opposite. Each three-blade group occupied the space of

four standard blades, &8 shown in figure 2. This arrangement was adopted &
in order to avoid high stress in the rim between the standard modified ' -
root serrations. The difference in the angle of skew in the two root

gserratlions would have caused unfavorable stress in the rim if standard

spacing hed been employed. Spacing among individual test blades was the .
same as for standard blades. -

The first rotor that was modified in the manner Just described

failed in the rim between adjacent cermet root serrations after a total §
time of 692 hours of test operation. Analysis of the failure showed that '
it was cgused by the fact thet the heat conductivity of the cermet blades .
was higher than that of the alloy blades and that recurrence could be
prevented by augmenting the existing cooling air supplied to both sides
of the rim. A second rotor was obtalined for tests 7 through 14. 1In
tests made with this rotor, alr from the lgboratory supply line was di-
rected against the rim. The replacement rotor showed no evidence of
serration cracking at the end of the test operetion.

A third rotor used in this program was modified to provide for only
two cermet test blades mounted diametricelly opposlte. The test blades -
were installed with the same spacing aes the metgl bhlades, as shown in
Pigure 3. The purpose of this modification was to duplicete more closely

the airflow conditions in & wheel with & full complement of cermet blades. o
An unfavorsble rim-stress condition was introduced by the skewed root -
serration adjacent to the standard serration. However, additional cool- [

ing ailr was supplied to the rim, and the rim tempersture was lowered to
& safe level.

Modificaetions to Nozzle Guide-Vane Assemblies

Two modified nozzle guide-vane assemblies were used 1n the test
program in addition to the standard assembly of 64 equally spaced vanes.
The modifications were intended to change the excitatlon frequency of
the gas stream impinging on the turbine blades. The modified asssemblies
were used in tests 8, 8a, 8b, 10, 11, and 12.

One speciel assembly had 57 vanes equally spaced (tests 8, 8a, and
8b). 1In the fabrication of the second modified assembly ("phased" as-
sembly for tests 10, 11, and 12) a stendard unit was cut apaert on a dism-
eter. An arc segment containing one vane adjacent to a cut face was re-
moved, and the remainder of that half of the assembly was revolved through
an arc equal to one-half standard vane space. With the two parts fixed in
this relation, materisl was added to the inner and outer rings where re-
quired to complete:the reassembly. Figure 4 ghows the resulting vane 7
spacing at the location of phase change. There was & similar discontl- .
nulty nearly dismetrically opposite. . - L ’ :
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Engine Fuel

Two types of fuel were used, standard (JP-4) and gasoline. Gasoline
was used whenever avallable during test operation to reduce carbon for-
mation in the combustion chambers. Experience has shown that any ex-
cessive carbon deposits may become dislodged and pass through the
turbine.

Engine Operation

The engine was mounted in a sea-level test stand, and instrumenta-~
tion was the same as described for previous research (refs. 4 to 6).
Acceleration was over a period of several minutes from idle condition
to a turbine speed of 7950 rpm. Tallcone gas temperature was adjusted
by means of a varisble-area exhaust nozzle to 1260° F. 'These test con-
ditions were maintained (with the exception of stops for inspection end
routine repairs) until the test was ended by blade faillure or by attain-
ment of 150 hours at maximum operating condlitions. A total of 16 tests
were made, 14 tests with six blades, and 2 tests with two blades.

RESULTS AND DISCUSSION

Table I gives operating time, number of starts, test conditions,
and brief description of failure. In most of the early tests the blades
were damaged in the tip region (tests 1 to 4 and 7). TFigure 5 shows a
typlcal failure. There are two possible causes for these failures, im-
pact and fatigue.

Damage may have been caused by the impget of carbon fragments pass-
ing through the turbine. For example, heard carbon deposits were Ffound
in the combustion chambers in smounts considered excessive. This was a
condition peculiar to the individual test engine. Figure 6 shows &
piece of carbon removed during lnspection. The deposits were not homo-
geneous, varying from a soft and amorphous material to a silver-gray
substance compargble to industriasl limestone slag. Spectroscopic ansl-
ysis did not indicate the presence of materisel other than cerbon.

The substitution of gasoline for standerd fuel made some improve-
ment in meximum blade life. It was used in tests 5, 6, 9, 9a, 12, 13,
and 14. Test operation of 43 hours and 57 minutes was obtained in test
14 before occurrence of failure. Periodic inspection showed that carbon
formation was low. In tests where standard fuel was used, with the ex-
ception of tests 15 and 16 where test conditions were redically different,
the maximum blade life was 19 houre and 27 minutes (test 8).
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Fatigue was considered as the other possible cause of blade failure.
Damasge occurred principally as tip fallure. Metal turbine blaedes fail o/
in this area as a result of excessive vibration, and this lends credence
to the possibility of fatigue damage to cermet blades.

Several changes were made on the assumption that vibration might be
the cause of failure. The engine and blade modifications described in
APPARATUS AND PROCEDURE are summarized as follows:

Engine modifications: %

(a) Eliminstion of excessive space between cermet and adjacent
standard blaede; installation in tests 15 and 16 of a single
cermet blade in same relative position as standerd metal blades,

as shown in figure 3

(b) Use of phased nozzle assembly to damp out excitation from the
642 order of turbine speed

(c) Use of 57-vane nozzle assembly to bring excitation forces below
the resonant frequency of a majority of blade complex wvibration
modes

Blade modifications:
(a) Honing the airfoil to remove surface stress concentrations L

(b) Rounding the blade tips to 1/4-inch radii to lower vibratory
stress in tip edges

(c) Increasing trailing-edge thickness from 0.030 to 0.060 inch to
improve stiffness

The best performances of cermet bledes were obtalned in tests 15
and 16, using the rotor modified for two test blades in standard spacing.
The blades in test 15 had l/4-inch radii at the tips. This test was
discontinued after 150 hours at a turbine speed of 7950 rpm and exhaust
temperature of 1260° F. One blade from test 15 lost a smell, chip from
the tip (leading edge) after 84 hours and 34 minutes; the other blade
was chipped in the same location after 97 hours and 38 minutes. Chlipping
continued during the remainder of the test. The extent of damage at the
end of 150 hours 1s shown in figure 7,

The two blades of test 186 were not modified. The test was ended
after 150 hours and 30 minutes at the maximum conditions of operation.
Initial chipping was observed in the leading edges of both blades and
the trailing edge of one after 41 hours and 50 minutes. Damsge was con-
fined to the tip region. Figure 8 shows the_ total extent of damage at
the end of the test.
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It should be noted that there are three factors to consider in any
comparison between test results obtained with the three-blade groups
(tests 1 to 14, inclusive) and results from the single blade tests (15
and 16):

(a) Probability of impact damage was higher when six test blades
were used rather than two.

(b) Minor chipping in one blade might initiate progressively more
severe demagé in adjacent test blades.

(c) Vibretion may have been more serious in the six-blade tests.
The spacing between the outer blades of a cluster of three and the ad-
Jacent metel blaedes was not a normal condition (fig. 2). In the course
of a concurrent program on light-weight metal blades one test blade was
Placed in the space normally occupied by two blades. This metal test
blade failed because of fatigue in the tip after a short time; blade
1life was less than 2 percent of the time for similar test bledes in
standerd spacing.

In order to determine the effect of the phased nozzle guide-vane
assembly, tests 10, 11, and 12 may be compared with tests 3, 4, 5, and
7 made with the standerd nozzle guide-vane assembly. The phased-
agsembly tests showed no improvement in blade life. Data obtained with
the 57-vane assembly did not indicate that change in excitation frequency
resulted in incresased blade life.

The effect of the honed finish to the airfoil and the rounding of
the blade tips was not demonstrated clearly because of limited dsta.
Performance of blades with these modifications in tests 14 and 15
(rounded tips but not honed finish in test 15) have been discussed; the
same type of blade with increased thickness in the trailing edges was
operated for 21 hours and 48 minutes in test 13, and the failure was not
similar to previous failures. Two blades of test 13 failed by lamellar
fracture across the root as shown in figure 9. It is probeble that in-
sufficient clearance existed between the root and the rim serretion and
that this conditlon caused compressive root stress. The effect of in-
creasing the trailing-edge thickness from 0.030 to 0.060 inch was not
clearly demonstrated.

CONCLUDING REMARKS

At the conclusion of 16 tests made to evaluaste end to improve the
blade life of titanium carbide base cermet turbine blades in an axial-
flow Jet engine, blade lives of 150 hours at maximum turbine speed and
exhaust temperature of the engine have been achieved in the two final
tests with only minor chipping of the alrfoil. Principles of root design
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resulting from previous research were applied with the result that root
failures were encountered in only one of the 16 rums.

The primary type of failure in this investigetlon was fracture of
the blade alrfoil. Anslysis of the results indicates that there had
been two probable causes of early failure of the blade airfolls, impact
and fatigue. During the investigation changes snd modifications were

mede in sttempte to alleviate conditions believed to cause these types
of damage. Use of & fuel with low carbon deposition in the combustors
(to reduce the likelihood of blade impact demage} improved blade life
to some extent.

The best performance was obtained efter a modificatlon of test
methods. The number of test blades in the turbine wheel was reduced
from six to two, and the uneven spacing was elimingted between the test
blades and adjacent standard metal blades. The reduction in the number
of test blades decreased the probability of impact damage, and the elim-
instion of uneven spacing removed an unfavorable airflow condition that
mey have caused excessive vibration. Other modifications such as 4if-
ferent surface finish, rounding of the blade tips, increased thickness

in the trailing edges, and speclal nozzle guide vane assemblies appeared

to have only minor effects on test blade life.

From the frequency of airfoil chipping it is apparent that materials
of greater impact resistance are required for successful appllication of
cermets to blades or full-scale jet engines of the genersasl type described
herein.

Lewls Flight Propulsion Laborstory
National Advisory Committee for Aeronautics
Cleveland, Ohio, August 139, 1957
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TABIE I. - BUMMARY OF CERMET TURBINE BIATE TEST OPERATION
Teat mn;.r Blade N ?M.h TYpe :r Ty'gc )lumhtx- Operating time | Kumber| Loocation Remarks
of madificaticn engt! nozzle O At pax. | or
blades e | foel | oteste| U | AT max. fileal reslures
vane e
assembly hr [ win| he |min

1 L] Wone Standard Standard P-4 3 1| S?¢ 1| 28] 4l Hp region ona sirfeil.
lzmtimny !al.w urhon dq:un was found

conbustion liners
2 3 Nons Standard Standard JP-4 3 1T 658116 | 16| a1 Midspan Blight cmi; in tip region had besn chserved
and tip forr two af I:ut bh es after T hr 30 win

region at maximum speed.
a L] None 0.03-In. Standard JP-4 2 6] 25| B8 | B3] Al TLip region| In this test, and in all Iu.blaqunnt untl. the
t %“:\‘6}; ':;f' - o:hﬁi t dlnm rd.

a a8 ol ro. acn~
taot batween g:l u{ tip and the turbine
shroud ring.

4 & Nona 0.05-In,| Stapdard T4 1 G| 47| 8| 31| a Midspan Four blades supteined damage in mids o
ezt and region. TIwo blades failed hmeﬂ’:nmhrtgd
region .
s (] Hone 0.05-In,| Standard |Gasoline| 16 3| 65|27 | 22| A Hicdapan Three blades sustained damage in midspan oc tip
short and and tip region. Eamaining blades wers ehippud. This
JP4 region tast was Iinttlated with olean cocwbustion lin-
ers in the sngine} gasoline fuel was used.
It was intended to attempt an evalustion of
the offect of carhon cn blade 1ife. After 26
T cpenuou at max, spesd, the fuel s 1y
& to standard JP-4. Mo exo onal
uu-bon depomit was observed in tte tion
liners on subsequant inspeotion.
s ] Nene 0.03-}n.] Mandard jcasoline s 3| 6O} 2| 48] ALl Midspan Test oparation was ended by fallure in the tur-
stort and tip bine Totor rim betwesn adjacent cermet teat
reglon blades.
7 ] Hone 0.03-In.f Standard IP-4 17 22 53|18 | 35| ALl Tip reglon n.uuv- minor ohipping was obeerved after 14
ahort of cperation at maxiwum speed, -
trn coonn; air vax supplied to th' rotor rim
test and in all subsequent operation.
L] [ Hone ©0.03-In.} §7-Vane JP=4 10 23 o]1s | 27 4 Tip region| Test nperltim was ended by a failure in the em=
short ansembly| glul Four blades were badly
ehi{h.d, but it was not possible to datermine
r oar not thia was & result of test opers-
tico or the exhaust syatem failure. The two
blades rre- this test were left in
the turbine wheel operatica wes eocutinued
Wath Tair new slades (tet hes Bay:
Ba ] Kone 0.03-Xn.{ 67-Vane T4 13 *| 381 9 7 1 Tip region] One of tha repl 1ndes tip !lﬂ-
short asgsembly ure. This was not d!.leourld unt.u
mal shitdown of t! an'lc hih
blade was repllctd wit n nni b ard opera-
tion was continued (tast no. 8b).
& & Kone 0,03-In.; 57-Yana B4 + 6| 22| 6 2| A Midspan Obl blld! wis operated at maxiwum spaed for ¢
sbort ansexbly or tip 22 miny three blades had x l1ife of 18 hr 23
region d.n for thia operat: ocondition; and two blades
mmlmdmi after 34 he 56 min of max-
on. This was the laat test
_d. l :h Lh‘ l'l'-vm norzle vane gaaeably.
] s ¥one 0.05-In.| Standard |Gasoline | 13 20| 22128 7 1 Tip reglon| The fallure spparently was cstused by impeot with &
short forelgn ohj.et.. '!'hil but was made with & atand-
ard norsle sambly. The blm O
replaced mnum resuned (test no. %a].
o 8 Woos 0.03~In.| Standard |0asoline 1 a| 291 8 | 19 4 Kidspan Five of the blades hnd total maximum spaed cpaTa-
short and tip tion of 29 hr 26 wmin.
Tegion
10 [ Thick 0.03-In.] Fhased Jr-4 3 8] 3% 4] 48] a1 Hidspan The trailing & wore increased from .30 to
tralling short and tip ©0.80 in. in thicknesa.
edge reglon
i1 e Thick 0.03-In.| Phased P-4 1 1{ 48] 1| 38] a2 n:snn This test was made under the same condition as
trailing short tip test 30,
odge region
12 [] Thick 0,083~In.| Fhased {Gasoline 7 12| 48| 7] 35| A2 Kidspan This test combined all blade modifisations.
tralling short or tip
edges %_ - region
in. redi)
et}
finish
13 8 hiok Q.03-In.| Standard {Gasoline ] 24 ] 18] 21 | 4B} ALY Midspan Three blades sustained damage im centar or tip re-
trailing short tip, or gion. Ooe blade failed near the bass. Two
1 root blades failed in the root, with a I.uﬂhr yre
adge; 7~ of fracture.
in, madil
tips;
horad
finish
14 [ % - In. 0.03-In.| Standsrd |Gasoline| 18 45| 2443 ] 87| 3 TAp region| One blade slightly chipped after 10 hr 33 min at
redii nhort saximum spesd operaticn.
t1p83
honed
finish
18 2 %- In. 0.03-In.| Standard Jr -4 19 181 | 22180 [} Both blades suatdined ing
radil short region. One hlade uu chipped at m hlﬂ
1 edge tip after 84 hr 34 min of operation at max-
Lad imm turbine speed, After 97 bhe 38 win both
budu had been ohipped. Chi continmed to
ha last operation.
'n:. bllh tips were w-nﬂ.ﬂnd with 1/4-1n. radius.
18 2 Hone 0.03-In.| Standard JB-4 a 1% | 35[is0c | 30 On aondlusion of this test both blades had sus
shart tained winor ti] . pping o!
tips was observed after 41 hr uin of operation
& speed, chimun nued to
oocur during the remainder of st cperation.
The blades wers opersted as recelved, with no
of the tips or honing of the airfofils.
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Figure 1. - Cermet turbine blade.
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Figure 3. - Cermet turbine blade installed in standerd spacing.
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Figurs 6. - Carbon deposlt removed from combmetion chawber.
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Figure T. - Cermet blades from test 15 after 150 hours et meximm turbine speed.
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Figure 7. - Concluded. Cermet blades from test 15 after 150 hours at maximum turbine speed.
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Figure 9. - Lamellar fracture in blade root observed In test 13 after 21 hours and
48 minutes at maximum turbine speed.
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